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(57) ABSTRACT

In a novel method for start-up heating of a converting
re-actor in an ammonia synthesis plant, the conventional use
of a gas fired heater 1s replaced by inductive heating. The
inductive heating 1s obtained using an alternating high
frequency current, which 1s passed through an inductive coil
located 1inside the reactor, especially mounted inside a
pressure shell. The method makes it possible to run reactions
at high temperatures and high pressures 1 a very eflicient
way.
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METHOD FOR START-UP HEATING OF AN
AMMONIA SYNTHESIS CONVERTER

The present invention concerns start-up heating of an
ammonia synthesis converter, where the catalyst bed 1is
heated without using a gas stream as heat-carrying medium.
More specifically, the mmvention relates to a method for
startup heating of an ammonia synthesis converter, 1n which
inductive heating 1s used instead of the traditional use of a
gas fired heater.

Induction heating 1s the process of heating an electrically
conducting object (usually a metal) by magnetic induction,
through heat generated in the object by eddy currents (also
called Foucault currents, which are loops of electrical cur-
rent induced within conductors by a changing magnetic field
in the conductor, due to Faraday’s law of induction) and/or
hysteresis loss. Eddy currents flow in closed loops within
conductors, i planes perpendicular to the magnetic field.

An 1nduction heater consists of an electromagnet and an
clectronic oscillator which passes a high-frequency alternat-
ing current (AC) through the electromagnet. The rapidly
alternating magnetic field penetrates the object, whereby
clectric currents inside the conductor called eddy currents
are generated. The eddy currents flowing through the resis-
tance of the material will heat it by Joule heating. Eddy
current heating 1s also denoted ohmic heating. In ferromag-
netic (and fermmagnetic and antiferromagnetic) materials
like 1ron, heat may alternatively or additionally be generated
by magnetic hysteresis losses. This 1s denoted ferromagnetic
heating. The frequency of the current used depends on the
object size, material type, coupling (between the induction
coil and the object to be heated) and the penetration depth.
An 1nduction coil comprising a conductor bent into the form
of a plurality of loops or windings 1s an example of an
clectromagnet.

Inductive heating 1s generally carried out using an alter-
nating current, often of high frequency, which 1s passed
through a coil. The subject to be heated 1s placed inside the
coil. This procedure 1s, however, not very energy eflicient,
because the magnetic field generated by the coil will con-
tinue also outside the coil. While this drawback may be
avoided by shaping the coil as a torus, there will still be a
loss due to the resistance in the coil, 1.e. the ohmic heat,
which normally will be lost for the process.

It has now turned out that it 1s possible to establish a much
more energy eflicient approach. In said approach, the coil
will be mounted within the reactor, and the catalyst will be
placed 1nside the coil. This way, the ohmic heat will not be
lost for the process, and provided that the pressure shell 1s
based on 1ron with a low hysteresis, or alternatively that the
pressure shell 1s coated on the iside with such 1ron type, the
magnetic field generated by the coil will not be able to
penetrate out of the reactor. At very high temperatures, the
reactor may be walled up and possibly cooled to protect it by
keeping the temperature below the Curie temperature, which
1s the temperature at which certain materials lose their
permanent magnetic properties, to be replaced by induced
magnetism. Typically, the coil can be made of Kanthal-type
(Fe—Cr—Al alloy) wire, which resists reducing gases.

U.S. Pat. No. 2,519,481 describes temperature control of
chemical reactions, more particularly the employment of
induction heating, especially high frequency induction heat-
ing, for accurately controlling the temperature 1n a reaction
zone. Thus, the patent describes induction heating of endo-
thermic reactions and also the use of induction heating for
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2

start-up ol exothermic reactions. The patent relates i par-
ticular to vapor or gas phase catalytic reactions, especially
exothermic reactions.

In U.S. Pat. No. 4,536,380 a process for conducting
reactions 1s described, 1n which a circulating, magnetically
stabilized bed 1s used to control the reaction temperature
profile. More specifically, this patent describes endothermic
and exothermic catalytic reactions, e.g. ammonia synthesis
reactions, 1n a fluidized bed. A magnetic field 1s applied to
the reactor, mainly to prevent formation of bubbles in the
fluidized bed. Moreover, 1ron or promoted iron particles are
mentioned as catalysts for ammonia.

GB 673.305 describes an apparatus for electrically heat-
ing a stream ol gas, of the kind in which an electrical
conductor 1s disposed longitudinally 1n the stream 1n contact
with the tlowing gas. In particular, 1t describes an apparatus
for ammonia synthesis comprising an electrical heating
apparatus. The purpose of said heating apparatus 1s two-fold:
providing energy for reducing fresh catalyst material and
starting up the oven (i1.e. the ammonia synthesis converter)
alter an interruption of 1ts condition. The GB document is
silent as regards magnetically induced heating.

WO 2015/140620 describes a method of synthetizing
ammonia using the Haber-Bosch approach. A stoichiometric
composition of 75 molar percent hydrogen and 25 molar
percent nitrogen 1s introduced into a reaction chamber,
which also comprises ferromagnetic iron powder. By apply-
ing an oscillating magnetic field, a temperature o1 400° C. 1s
maintained.

In WO 2016/010974, a method for producing ammonia 1s
disclosed, wherein nitrogen and water are introduced 1nto a
reaction vessel comprising a superparamagnetic catalyst. A
coil providing a fluctuating magnetic field 1s located 1n the
vicinity of the reaction vessel.

Tshai1, Kim Hoe, et al., Optimization of green synthesis of
ammonia by magnetic induction method using response
surface methodology (1n American Institute of Physics Con-
ference Series 2014, vol. 1621, pp 223-230), describes a
method for producing ammonia by supplying N, and H, to
a reactor comprising o.-Fe,O; nanowires treated with 18 M
H,SO, at 750° C. A high frequency oscillating magnetic
field 1s applied by a Helmholtz coil surrounding the reactor.

Finally, US 2006/0124445 relates to an electrical heating,
reactor for gas phase reforming. More specifically, the
clectrical heating 1s ohmic heating obtained by passing a
current through a lining of the reactor. This US document
neither describes preheating of the reactor for exothermic
reaction, nor magnetically induced heating of the reactor.

In none of the prior art documents the position of the coil
within the reactor 1s mentioned or suggested, and the shape
of the coil, 1.e. a torus, 1s also not disclosed in the prior art.

Thus, the present invention relates to a method for start-up
heating of a converting reactor in an ammonia synthesis
plant, wherein the conventional use of a gas fired heater 1s
replaced by inductive heating obtained using an alternating
high frequency current, which 1s passed through an induc-
tive coil.

Preferably the inductive coil 1s located inside the reactor.
It 1s further preferred that the inductive coil 1s mounted
inside a pressure shell and that the ammonia catalyst i1s
placed inside the coil.

The coil 1s preferably uninsulated, thereby having elec-
trical contact with the catalyst.

The catalyst can be ferromagnetic, antiferromagnetic or
non-magnetic. I it 1s non-magnetic, it 1s preferably mixed
with a ferromagnetic material.
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The catalytic synthesis of ammonia from hydrogen and
nitrogen according to the equation

N,+3H,<->2NH, (AH=-92.4 kJ/mol)

was developed around 1908 and improved to industrial scale
a few years later. Since then, this method (the Haber-Bosch
method) has been the predominant industrial scale method
for ammonia production. The synthesis 1s carried out 1n a
circulatory system commonly known as an ammonia syn-
thesis loop. Only a fraction of the synthesis gas 1s converted
per pass, as limited by the equilibrium concentration of NH,
at the exit conditions of the converter. A reactor design for
ammonia production comprises at least one ammonia con-
verter containing an ammoma synthesis catalyst.

The ammonia converter 1s a reactor unit arranged to
accommodate the catalyst material comprising one or more
ferromagnetic macroscopic supports susceptible for induc-
tion heating, where the one or more ferromagnetic macro-
scopic supports are ferromagnetic at temperatures up to an
upper limit of the given temperature range 1. Said one or
more ferromagnetic macroscopic supports are each coated
with an oxide, where the oxide 1s impregnated with cata-
lytically active particles. The ammonia converter further
comprises an induction coil arranged to be powered by a
power source supplying alternating current and being posi-
tioned so as to generate an alternating magnetic field within
the converter upon energization by the power source,
whereby the catalyst material 1s heated to a temperature
within the given temperature range 1T by means of the
alternating magnetic field.

The catalyst itself can be ferromagnetic, antiferromag-
netic or non-magnetic. In the latter case, the catalyst can be
mixed with a ferromagnetic material, for example 1ron beads
or—1or reactions at very high temperatures—metallic
cobalt.

The one or more ferromagnetic macroscopic supports are
ferromagnetic at temperatures up to at least an upper limit of
the given temperature range 1, viz. also at temperatures
above the upper limit of the given temperature range 1. The
term “up to an upper limit of the given temperature range T
1s meant to denote appropriate temperatures up to this upper
limit, such as any temperature between the standard ambient
temperature and the upper limit of the given temperature
range 1.

When the catalyst material within the ammonia converter
comprises one or more ferromagnetic macroscopic supports
comprising catalytically active particles, these active par-
ticles are heated from the heating of the ferromagnetic
macroscopic supports. The catalytically active particles may
thus be any appropriate paramagnetic or ferromagnetic
clement or combination ol appropriate paramagnetic or
ferromagnetic elements. An important feature of the induc-
tion heating process 1s that the heat 1s generated inside the
object itsell, mstead of being heated by an external heat
source via heat conduction. This means that objects can be
very rapidly heated.

However, if the catalytically active particles are ferro-
magnetic themselves, they will be heated indirectly by the
induction heating of the macroscopic supports as well as
directly by the magnetic field. Hereby, a very fast heating
rate directly 1n the catalytically active particles 1s achuevable
as well. Moreover, a catalyst material which, upon being
subjected to an alternating magnetic field, 1s ferromagnetic
at relevant operating conditions, such as at any relevant
temperature up to the upper limit of the temperature range T,
and possibly above, 1s advantageous as 1t will be explained
below.
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For ferromagnetic materials, induction heating takes place
by both ferromagnetic/hysteresis heating and ohmic/eddy
current heating. An estimation of the hysteresis heating 1s
given by the formula: P=¢ BdH*1, where P denotes the
heating power transferred to the material, B the magnetic
flux density, dH the change 1n the magnetic field strength,
and 1 the frequency of the alternating magnetic field. Thus,
the heating power transierred to the material by hysteresis
heating 1s the area of the hysteresis curve multiplied by the
frequency of the alternating magnetic field. An estimation of
the ohmic/eddy current heating 1s given by the formula
P=r/20-B, *1*-0-f*, where P denotes the heating power
transierred to the material, B, 1s the magnetic flux density
induced in the material, 1 1s a characteristic length of the
matenal, o 1s the conductivity of the matenial and 1 1s the
frequency of the alternating magnetic field. Thus, the heat-
ing power transierred to the material by eddy current heating
1s proportional to the magnetic flux density squared as well
as the frequency of the alternating magnetic field squared.
Paramagnetic materials have a very small magnetic flux
density B when subjected to an alternating magnetic field
compared to ferromagnetic materials. Therefore, ferromag-
netic materials are much more susceptible to induction
heating than non-ferromagnetic materials, and either alter-
nating magnetic fields of a lower frequency are usable for
ferromagnetic materials compared to non-ferro-magnetic
materials, or a lower frequency of the alternating magnetic
field may be used. Generating a high-frequency magnetic
field 1s relatively expensive energetically, so the use of a
lower frequency of the magnetic field provides for cheaper
heating of the material. Here, a high-frequency magnetic
field 1s meant to be a field having a frequency 1n the MHz
range, maybe from to 0.1 or 0.5 MHz and upwards.

A Terromagnetic material provides for further advantages,
such as the following;

A ferromagnetic material absorbs a high proportion of the
magnetic field, thereby making the need for shielding less
important or even supertluous.

Heating of ferromagnetic materials 1s relatively faster and
cheaper than heating of non-ferromagnetic materials. A
ferromagnetic material has an inherent or 1intrinsic maximum
temperature of heating, viz. the Curie temperature. There-
fore, the use of a catalyst material which 1s ferromagnetic
ensures that an endothermic chemical reaction 1s not heated
beyond a specific temperature, viz. the Curie temperature.
Thus, 1t 1s ensured that the chemical reaction will not run out
ol control.

The coil may be placed so that 1t has a direct electrical
contact to the catalyst. In this case, an additional ohmic
heating of the catalyst will take place. In addition, there wall
be no need for electrical 1solation of the coil.

As used herein, the term “macroscopic support” 1s meant
to denote a macroscopic support material in any appropriate
form providing a high surface. Non-limiting examples are
metallic or ceramic elements, monoliths or miniliths. The
macroscopic support may have a number of channels; 1n this
case 1t may be straight-channeled or be a cross-corrugated
clement. The material of the macroscopic support may be
porous or the macroscopic support may be a solid. The word
“macroscopic” 1n “macroscopic support” 1s meant to specily
that the support 1s large enough to be visible with the naked
eye, without magnitying devices.

The term “ferromagnetic heating” 1s meant to denote
heating substantially generated by magnetic hysteresis
losses within a material upon subjecting 1t to an alternating
magnetic field. The term “ferromagnetic heating™ 1s synony-
mous to the term “hysteresis heating”. The terms “eddy
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current heating”, “ohmic heating”, “resistive heating” and
“Joule heating” are synonymous. Eddy current heating 1s the
process by which the passage of an electric current through
a conductor releases heat.

The matenal of the ferromagnetic macroscopic support 1s 3
for example a metallic or ceramic matenal. Ferromagnetic
material includes iron, nickel, cobalt, and alloys thereof.

The method according to the invention, using an inductive
coil mounted 1nside a pressure shell makes 1t possible to run
reactions at high temperatures and high pressures 1n a very 10
cilicient way.

In the present invention, the start-up heater will be
replaced by an inductive coil surrounding the catalyst bed.
The amount of heat required for heating 100 t of ammonia
catalyst by 400° C. 1s 10 MWh corresponding to an electric 15
ellect of 50 kW (5 kV and 10 A) i 200 hours.

The invention claimed 1s:

1. A method for start-up heating of a converting reactor 1n
an ammonia synthesis plant, by inductive heating, compris-
ing passing an alternating high frequency current through an 20
inductive coil, wherein the inductive coil 1s located 1nside a
pressure shell of the reactor, an ammonia catalyst 1s placed
inside the coil, and the coil 1s uninsulated, whereby the coil
1s 1n electrical contact with the catalyst.

2. Method according to claim 1, wherein the catalyst 1s 25
ferromagnetic, antiferromagnetic or non-magnetic.

3. Method according to claim 2, wherein the catalyst 1s
non-magnetic, and the non-magnetic catalyst 1s mixed with
a ferromagnetic material.

% x *H % o 30
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